We have designed and fabricated novel humidity sensors based on thin-film systems capable of sustaining optical resonances in subwavelength thick absorbing dielectric coatings on reflecting surfaces, as a result of coupling between molecular absorption and Fabry-Perot resonances. Specifically, our experiments demonstrate that a strong resonance can be observed in the reflection spectrum of a 105 nm thick Rhodamine 6G-doped polyvinyl alcohol (PVA) coating on a silver surface under certain illumination conditions; this resonance shows an excellent spectral and temporal sensitivity to the change of environmental humidity. In addition, we also demonstrate the humidity sensing potential of a 47 nm thick titanium dioxide coating on an aluminium substrate as a more robust system for practical implementation.
Introduction
Dielectric films supporting Fabry-Perot (FP) resonances have been widely used for gas and vapour sensing [1] [2] [3] [4] [5] [6] . Typically such FP based sensors comprise lossless dielectric films with thicknesses on the order of the wavelength of probing light, which enables constructive or destructive interference between waves reflected from different layers. As a result, such interference can be observed in the reflection or transmission spectra of such sensors. The physical nature of FP resonances makes them sensitive to the change of refractive index of the ambient environment (n a ), the thickness (d) and/or the complex refractive index ( ) n n iκ = + of the dielectric films, where n is the refractive index and κ is the absorption coefficient. As the result, for a FP based gas sensor, the presence of target analytes (gas of interest) can be sensed by monitoring the reflection or transmission spectra [1] [2] [3] [4] [5] .
According to previous studies [4] [5] [6] for sensing systems made of lossless dielectrics, the presence of target analytes only causes a small change in the real part of refractive index n, whereas it doesn't affect the absorption coefficient κ. In such structures, changes in the sensing signal mainly arise from the modification of thickness of the sensing layers, e.g., sensing layers made of polymers may swell in the presence of specific vapours. This significantly limits the sensitivity and the choice of materials for FP based sensors. On the other hand, it is noted that absorbing species, such as metal nanoparticles or dye molecules [7] [8] [9] [10] [11] [12] , can be incorporated into sensing layers to improve the sensitivity of thin-film systems in which FP resonances are weak. In addition, Kats et al. [13] recently demonstrated that ultra-thin optical coatings made of highly absorbing dielectric can sustain strong FP resonances. On the basis of those findings, we propose that resonant absorption in ultrathin films on metal substrates can be used for gas and vapour sensing applications. In this paper, we present a proof of concept for water vapour sensing using FP-based resonant absorption in dye-doped polymer thin film on silver substrate.
In particular, we have demonstrated that the thin-film structure comprising a dyedoped polyvinyl alcohol (PVA) coating on an opaque silver (Ag) surface (Figure 1(a) ) shows strong resonant absorption feature in reflection spectrum under certain illumination conditions (typically high angle illumination). The resonant absorption of s-polarised light in this structure (which was reported in our previous study [14] ) gives rise to better sensitivity than traditional sensors as the absorption is the result of coupling between molecular absorption and FP resonances in the subwavelength scale (λ/4n) thin-film cavity. In this case the reflection spectra are sensitive to the change in relative humidity (RH), defined as the ratio of the amount of water vapour in the air at a specific temperature to the maximum amount that air could hold at that temperature, owing to both swelling of the PVA layer and changes in its dielectric constant as it becomes water loaded. In contrast, the same RH change causes negligible spectral response in the reference sample, i.e., the same dye-doped polymer coating on a glass substrate (Figure 1(b) ). In addition, this sensing scheme can be effectively translated to thin-film structures with coatings made of non-swelling materials, e.g., metal-oxide absorbers. Specifically, we have also demonstrated that the resonance feature in the reflection spectrum of a titanium dioxide (TiO 2 ) coating on an aluminium (Al) surface (Figure 1(c) ) is sensitive to the change in RH. 
Experiments and simulations
The Rhodamine 6G (Rh6G) doped PVA coatings were prepared by spin-coating aqueous PVA solution doped with a low concentration (0.5 mM) of Rh6G on Ag (S1, Figure 1 (a)) and glass (S2, Figure 1 (b)) substrates. The thickness d of the PVA coatings on both S1 and S2 is 105 nm (measured at RH = 27%). The 150 nm thick Ag substrate was deposited on a silicon substrate by thermal evaporation. Sample S3 (Figure 1 (c)) was fabricated by sequentially depositing Al film (150 nm) and Ti film (47 nm) on a silicon substrate. The Ti films were then annealed in air at 300°C for 1 h to obtain TiO 2 films. The samples were mounted inside a gas chamber and optically characterised by measuring the angle-resolved reflection spectra under s-polarised white-light illumination (the orientation of the electric field vectors are perpendicular to the plane of incidence) from a tungsten lamp (Ocean Optics LS-1). The humidity in the gas chamber was controlled by feeding humid N 2 to the gas chamber (Figure 1(d) ). The RH inside the gas chamber was recorded at every 10 s by a humidity data logger (Thorlabs TSP01), and the reflection spectra were simultaneously acquired using a fibre coupled spectrometer (Ocean Optics USB 2000).
For simulations, the dielectric constant of Ag was taken from the literature [15] and humidity dependent dielectric constant for PVA were adopted from Yang et al. [16] (n pva = 1.45 for RH = 20% and n pva = 1.39 for RH = 60%). The effect of dye doping into the PVA host was incorporated using method explained in Ding et al. [14] which gives κ = 0.031, at λ = 536 nm for the dye concentration (0.5 mM). Using these refractive indices, the transfer matrix method [17] was applied to calculate the reflection spectra of the dyed PVA coatings on Ag and glass substrates over a wide range of incident angles (θ) varying from 10° to 85° with an angle resolution 1° under s-polarised illumination. These calculations were used for comparison with experimental results.
Results and discussion
Owing to the structural simplicity, the optical characteristics of the thin-film systems can be well predicted using Fresnel's equations. Figure 2(a) shows the simulated reflection spectra of sample S1 (d = 100 nm and n pva = 1.45) illuminated by s-polarised light with incident angles (θ) varying from 10° to 85°. For all the angles of incidence the reflection spectra have a minimum at λ = 536 nm which corresponds to the peak molecular absorption wavelength for Rh6G. However, the minimum becomes more pronounced as the incident angle increases; under highly oblique illumination (θ > 70°), over 70% of the incident light is absorbed in the thin-film system at this wavelength. This resonant absorption is a clear manifestation of the coupling between the FP resonances and molecular absorption under these illumination conditions. In contrast (Figure 2(b) ), the simulated reflection spectra of S2 (d = 100 nm and n pva = 1.45) show a very weak feature as a result of molecular absorption irrespective of the angles of incidence, even though the overall reflection increases towards highly oblique incident angles.
The resonant absorption feature can also be observed in the experimental reflection spectrum of the sample S1 (Figure 2(c) ), acquired at θ = 81°. Compared to the simulated spectra, the measured spectrum shows a broader feature. Differences can be attributed to the uneven film thickness and surface roughness, as well as to uncertainties in the thickness and true dielectric constants for the dye-doped film. The film thickness adopted in simulations were chosen to improve the fit with experimental measurements. The measured spectrum for the control sample (Figure 2(d) ) also shows characteristics similar to its simulated counterpart. The resonant feature is sensitive to the ambient environmental conditions. Figure 3(a) shows the reflection spectra (θ = 81°) of the sample S1 measured at RH = 20% (red solid curve) and RH = 60% (blue solid curve). When the RH increase to 60%, the reflection spectra shows two drastic changes, first the dye absorption reduces causing the reflection at 536 to increase to almost 70% and second, a secondary minima appears at λ = 627 nm. We attribute this effect to swelling of PVA layer owing to absorption of water molecules from surrounding atmosphere which causes changes in the thickness and refractive index of PVA layer. The simulations shown Figure 3 The sensitivity of this thin-film structure to RH can be studied by measuring the changes in the reflected light intensity (∆R) at a specific wavelength. For example, Figure 4 shows the reflection of Sample S1 measured at λ = 527 nm and S2 measured at λ = 547 nm for different RH values. The wavelengths were chosen to show the highest changes in reflection intensity. Specifically, the reflection intensity of S1 increases by almost 50% as the RH increases from 20% to 60%, while the intensity of S2 changes by almost 2%. It is worth noting that there is an order of magnitude difference in ∆R response between the sample S1 and S2, while the absolute change in the thickness of the PVA coatings on both samples is expected to be the same due to the same increase in humidity. This difference can be attributed to the perturbation of sensitive resonances which are only supported by sample S1 due to its careful design, whereas absent in S2. We also studied the temporal responsivity of RH sensing on sample S1. As shown in Figure 5 , the RH value starts from 20% for first 10 s, then gradually reaches to 60%, and finally declines to 20%. Correspondingly, the reflection intensity at λ = 527 nm starts at 26% increases to 70% and falls back to the initial value. Figure 6 shows the reflection spectra measured from sample S3, i.e., a 47 nm thick of TiO 2 coating on an Al substrate, under s-polarised illumination at θ = 77°. Irrespective of humidity conditions, more than 80% of incident light is resonantly absorbed at around λ = 460 nm. In contrast, our simulations (not shown here) reveal that a TiO 2 film alone with the same thickness would only absorb less than 0.001% under the same illumination conditions, manifesting that the resonant absorption feature can also be observed in thin-film systems comprising extremely low loss dielectric coatings. As shown in Figure 6 , minimum in the reflection spectrum of S3 redshifts as the RH increases. The redshift can be attributed to the changes in complex refractive index of the sensing layer caused by the water molecules adsorbed on the surface of the sensing layer [18] and more detailed studies are in progress in order to fully characterise this behaviour.
Figure 5
Reflection intensity at λ = 527 nm, for S1 (at θ = 81° for s-polarised illumination)
recorded at every 10 s as RH changes between 20% and 60%
Figure 6
Reflection spectra of S3 at θ =77° for s-polarised light, for RH = 67% (dashed line) and RH = 52% (solid line) (see online version for colours)
Conclusions
The current experiments clearly show that the resonant feature in the reflection spectra of such thin-film structures can be sensitive to changes in humidity. The thin-film structures can be easily fabricated and conveniently integrated into photonic devices. The simplicity of the sensing scheme and the structure offer great advantages over other solid state and optical sensors.
We have designed and fabricated novel RH sensors based on thin-film systems capable of sustaining resonant absorption in a subwavelength cavity. Specifically, as the result of coupling between molecular absorption and FP resonances, a strong resonant feature can be observed in the reflection spectra of Rh6G doped PVA coatings with thickness of λ/4n on Ag substrates under certain illumination conditions. This resonant feature shows a good response to the changes in RH values. In addition, we also demonstrate that the TiO 2 coatings on Al surface also have potential for humidity sensing. There is scope for enhancing the sensitivity of TiO 2 based structure by incorporating metal-nanoparticles to introduce loss in the FP cavity. Further work is needed to study the response, sensitivity and selectivity of these thin-film structures to the presence of other gases of environmental and industrial significance.
